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cooes Is asgaaical properties a a eaured Is vacuus end is sir or other 
^seous erarirooaents ere discussed is teats of type of test) taste proc- 
esses of aetal detonation end fracture Involved, sad possible reaetitn 
awrtBSilrat. A ecsoept of pro t e ct ive coatings* to pr e vest gas-setal surface 
reactions and the specific effects of such c eatings oc fatigue properties 
of seven! Betels are afcovn. She esvirOBBSBtel effects are related to the 
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the scope of this paper. She review la not Intended to be all Inclusive, 
but rather to provide exsqOes of experlaental results that effectively 
Indicate the state of the art. 


■BM— H I EFFECTS Of KSCBAHISAL PROPERTIES 

She primary environmental reaction, other than thermal, that can 
change mechanical ioopertiee of metals, Is that of reactive gases In the 
ambient atmosphere, which can cause gross changes In metallurgical struc- 
ture. These changes Include the formation of surface oxide scale, of 
carbide or nitride surfaces, or oxidation along grain boundaries. Changes 
in mechanical properties that cause lees Obvious alterations in micro- 
Btructure are the strengthening effects that can occur from fine -particle 
precipitation of oxldas, nitrides, hydrides, and carbides In the Interior 
of the metal. These effects usually result frcn reactions with lspurities 
Introduced by the environment in email quantities. Similar contamination 
by even smeller amounts of interstitial elenanta throughout the matrix of 
some metals can result in a pronounced stren gthening effect accosqanled 
by only very slight change In crystallographic structure. 

Surface films also can significantly affect the mechanical properties 
of metals. Boscoe 1 demonstrated In 193b that solid, thin films of oxide 
on radial im crystals had a pronounced effect on their mechanical p rope rt ies. 
Since that time, numerous investigations have ehovn convincingly that the 
mechanical properties of metals are environment -sensitive In that they 
are affected by environment -induced changes In the metal surface. Atomically 
thin, adsorbed surface files, quantitatively too minute far chemical 
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composition analysis, am cause codifications Is mechanical properties 
that can he detested in an inert-gas or vacuus enviroomant. 

Until I960, the softer of Investigations into the effects of vacuus 
on the Mechanical properties of natal* 9 was snail la cosQarlsan with 
investigations into the corresponding effects on aqueous and gaseous 
e nv l r onasnts. 3 Investigations of vacuua effects on oaterials have accel- 
erated, however, in response to the increasing interest in aerospace 
naterlals applications ■ Since vacuua and inert-gas envirotments axe 
extensively used in the fabrication of aany metals, the effects of these 
environments on the mechanical properties of the metals oust he determined. 

Investigation of material proper t ies that may he affected hy formation 
of atomic or molecular surface films requires the preparation (or genera- 
tion! of a contamination-free surface, and the capability to maintain it 
throughout the experiment. The time required to form a scrmolecular film 
on an initially clean surface 4 is a function of the pressure of the 
asfcieut atmosphere. Assuming that every molecule striking a surface is 
adsorbed, or sticks, this time can he calculated on the basis of the kinetic 
theory of gases. As a function of pressure, figure 1 shows the time 
required for the formation of a surface monolayer in air. If the time 
required for a test is only a few seconds, then a vacuua of shout ID"* torr 
is sufficient to prevent complete ccntaslaatlan of the surface. Because 
of the times involved and operating pressures attainable in fabrication 
processes, prevention of surface film contamination cannot he expected. 

In tasting, however, meaningful results can he Obtained in time periods 
lees than those required far collate surface contamination ami at teat 
pressures attained without gnat difficulty. la tensile, fatigue, and 
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kinetics Involved. At h1$> teaperatures, for exaaple, plastic flow within 
grains eat grain boundary sliding accounts fee unknown portions of the 
deforaatioa during creep. 

Strengthening by oxidation fins gaseous smrtrajsant at Mg* taspera- 
tures has teen reported by HcCoy and Dcuglaa 8 among others, cn Type 30b 
stainless steel) by Gass and Acfcter 8 on nickel, sad by g»irin<«s sad 
Achter 10 CO tbs nickel-chrome alloys. Data reported by and 

A enter far creep of a nickel-chromium alley at 1100°P la air and vacuus, 
shown la figure 5, are typical of me oxide-strengthening effect of air 
e nvl ro na euts oo metals. They also found, however, that the effect of air 
an the rupture time of nickel undergoes « reversal, 11 as shown la figure 6. 


Hie aetal was stronger la vacuus at high stresses (shorter exposure times) 
but stronger la air at low stresses. Seises and Will lass 8 also observed a 
diverse vacuus effect an the cre e p resistance of aagnesliai compared with 
these determined la an air-ergon en v lr a iae at at 1 atmosphere. She results 
are thorn la figure 7 as steady-state creep rate versus reciprocal -te^srs- 
ture. Depending ai tesperature, aaguealum nay exhibit at a gives stress 
level either large increases or decreases la its creep resistance la vacuum 
compared with si *ir-argcn environme nt. Sale on and Williams have suggested 
that either vacuus say activate a deformation oechaniss not previously 
observed la gaseous cavironaeatB, or me assumptions on which the steady- 
state creep equation is based are aot valid far creep la vacuus. 

for long-tlae tests at elevated tesperatures la which strengths are 
lH0«r la air than la vacuus, the evidence of Acbter 12 and his co-washers 
ehowed that strengthening occur* through internal oxidation with aside 
particle pre lpltation. In coptreble short -tlae tests, he found that 
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& tor absence of an ideal, cagOetely nonreactlve envircnnent for 
fabricating aetal#, actual practice bar been to select, on the basis of 
what to know n about gas-eetal reactions, the eovironaeat that seat closely 
■sets the requireaasta of the octal systes being fabricated. The problems 
of contending with ertrene oxidation of refractory metals in air at 
tsapsraturas are well known. These reactions are typical of gas-aetal 
interactions bat cause gross changes in Metallurgical structure. With 
■stale such as adybdenua and tungsten for which the reaction product of 
this kind at interaction is a ncesdberent layer or stale, the baneful 
effect of structure change by ay g s penetration can heccee catastrophic 
at tbs h igh teap s n atu r as required tor hot working yarbc&ssre- snd toe stae — 
'•■Bli saticcs . Tet these aetals are taken through all the necessary Sial- 
varking prooaesas in sir or prodnetlcn vaca ■ : furnaces by suitable lijdta- 
tions of exposure tines and tenpenttores, accompanied by appropriate 
cl e entng pr oeeetee , such as descaling, pickling, and grinding, to ainisdze 
Inc o rp o ration at eanteadasted astenal into toe aetal aatrix. 

, ffee assent of eastaaisatiag reaction os be lessened by using a pro- 
tective inert staaapfesre in which toe rea stive gas content bee been reduced 
to ice ca mxn t tat iaaa, or by evacuating toa ataesphere frca the rlmtoiir 
containing toe aetal, laaviag only residual traces of toe ccntsaitoti^ 






tOO&r m» apseasiaately equivalent to that causal by a vacua of 10" 9 tcrr. 3 * 
ftli emtaninatlGQ effect of the argon atacspbere la legs, by tvo or ders of 
swgbft ude, than that cal misted earlier, share % ppa ccetaslastlco in as 
Inert ess la comparable la tam of total reactive species present to a 
pa aa lulu of about 10"® tcrr. Seasons for this discrepancy are not mMeeiy 
clear to tba author. 

As baa bean veil established by enperiseatal lnvaatl .- .tlcns and operating 
experience, refractory nstals sad their aUsys are adbject to either ccotaa.- 
Batioc er purification, depsnding on exposure conditions of teqewturc sal 
snviraasent. tbs increase la tensile strength of coltabiun due to «<«»n 
Increases In oxygen content illustrates the narked affect cc mechanical 
prope rti es of sattt. aaousts of interstitial eOsaarts through solid solution 
strsBg&iSBisg. figure 15 shows the ultimate teuile strength of coliadjlua 
eerstts taaqwrature for three osygaB-ceueentreticn levels: 0.001 percent, 

0.02 P«r coat, and O.bJ percent. 38 An Increase in oxygen content free 10 to 
800 pw at 500°S increased tba tensile strength by sjjeojtiu»tely $0 p er ce nt , 
fro* 83,000 to <£,000 psl. If a fabrication proems for sad a Mgbly 
reactive natal required holding at tan; sratares that could result In «<»» 
pi ok -up of interstitial elssnets, tbs use of a races inifm— it nay be 
Indicated since it alios* a loner eonosatratian of residual cartsalusats 
than does an inert ataosphars. If reduction of interstitial contamination 
of tungsten er nedybdenan alloys during beat treetsent Is required, tbs s 
vases met! 1 twit Is again necessary. On the other bind, if nstals of 
vmper pressure such as esdaist, asgwsftai, sine, or their alloys test be 
held for a ay length of tint at t w g am t arss at stick evaporation would tabs 
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Figure 8 
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